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a b s t r a c t 
Numerous studies on the recovery behavior of neutron-irradiated high-purity SiC have shown that most 
of the defects present in it are annihilated by post-irradiation annealing, if the neutron ﬂuence is less 
than 1 ×10 26 n/m 2 ( > 0.1 MeV) and the irradiation is performed at temperatures lower than 973 K. How- 
ever, the recovery behavior of SiC fabricated by the nanoinﬁltrated and transient eutectic phase (NITE) 
process is not well understood. In this study, the effects of secondary phases on the irradiation-related 
swelling and recovery behavior of monolithic NITE-SiC after post-irradiation annealing were studied. 
The NITE-SiC specimens were irradiated in the BR2 reactor at ﬂuences of up to 2.0–2.5 × 10 24 n/m 2 
(E > 0.1 MeV) at 333–363 K. This resulted in the specimens swelling up ∼1.3%, which is 0.1% higher than 
the increase seen in concurrently irradiated high-purity SiC. The recovery behaviors of the specimens af- 
ter post-irradiation thermal annealing were examined using a precision dilatometer; the specimens were 
heated at temperatures of up to 1673 K using a step-heating method. The recovery curves were analyzed 
using a ﬁrst-order model, and the rate constants for each annealing step were obtained to determine 
the activation energy for volume recovery. The NITE-A specimen (containing 12 wt% sintering additives) 
recovered completely after annealing at ∼1573 K; however, it shrank because of the volatilization of the 
oxide phases at 1673 K. The NITE-B specimen (containing 18 wt% sintering additives) did not recover fully, 
since the secondary phase (YAG) was crystallized during the annealing process. The recovery mechanism 
of NITE-A SiC was based on the recombination of the C and Si Frenkel pairs, which were very closely sited 
or only slightly separated at temperatures lower than 1223 K, as well as the recombination of the slightly 
separated C Frenkel pairs and the migration of C and Si interstitials at temperatures of 1223–1573 K. That 
is to say, the recovery mechanism was basically the same as that of pure SiC. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Silicon carbide continuous ﬁber-reinforced silicon carbide ma-
rix composites (SiC f /SiC) exhibit promising properties for use as
aterials for the in-vessel structures of fusion power devices and
igh-temperature gas turbines, because of their excellent temper-
ture resistance, irradiation stability, and low activation properties
1–4] . Several fabrication techniques such as chemical vapor inﬁl-
ration (CVI), polymer impregnation and pyrolysis (PIP), and melt∗ Corresponding author. Fax: + 81 3 5734 2959. 
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assisted method after post-irradiation annealing, Nuclear Materials andnﬁltration (MI) have been developed for fabricating such compos-
tes. However, it is diﬃcult to reduce the porosity of the compos-
tes prepared by the CVI and PIP methods. On the other hand, in
he case of the MI method, the mechanical properties of the re-
ulting composites at very high temperatures are poor, owing to
he fact that the melting temperature of silicon is not so high. The
anoinﬁltration and transient eutectic (NITE) process has been de-
eloped to reduce the porosity, improve the matrix quality, and
nsure a robust ﬁber-matrix interphase, so that the composites
xhibit the properties required for fusion applications [5] . In ad-
ition, it has been demonstrated that NITE-SiC f /SiC exhibit excel-
ent tolerance, even though secondary phases are present in these
aterials [6] . nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
or of neutron-irradiated SiC ceramics densiﬁed by liquid-phase- 
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d  In a previous work, it was shown that high-purity SiC swells by
approximately 1.24% after neutron irradiation at ﬂuences of 2.0–
2.5 ×10 24 n/m 2 (E > 0.1 MeV) at 333–363 K [7] . The same speci-
mens were annealed in a dilatometer at temperatures of up to
1673 K, in order to elucidate their recovery behavior. The results
showed that two types of high-purity SiC specimens (PureBeta-SiC
and CVD-SiC) recovered completely after annealing at 1573 K. Cal-
culations of the activation energy for volume recovery showed that
the recovery process can be divided into four stages and the value
of the activation energy increased along with increasing annealing
temperature. Given that a moderate ﬂuence value and a low irra-
diation temperature were used, we assumed that defect annihila-
tion in the samples occurred because of the recombination of the
interstitial atoms and vacancies [8] . It was reported that neutron-
irradiated NITE-SiC containing 6 wt% or 9 wt% alumina and yt-
tria in total as sintering additives swelled approximately 0.1% more
than high-purity SiC [7] . The increased swelling may be attributed
to the presence of the sintering additives, which tend to swell
more. Koyanagi et al. [9] reported that the degree of swelling of
the Y-rich region of NITE-SiC was more than 1.3 times higher than
that of the Al-rich region at a damage level of less than 5 dpa. 
Since NITE-SiC composites have been proposed as candidate
materials for fusion reactor components in the ITER-broader ap-
proach (BA) activities, in an attempt to enhance plant eﬃciency
[10] , the behavior of monolithic SiC, which constitutes the matrix
of such composites, should be elucidated through post-irradiation
annealing. Thus, neutron-irradiated monolithic NITE-SiC specimens
containing sintering additives in different amounts were annealed
at temperatures of up to 1673 K in a precision dilatometer, in order
to investigate their recovery behaviors. We could estimate the sta-
bility of the defects induced by neutron-irradiation using the ther-
mal annealing up to high-temperatures. Further, the effects of the
secondary phases in the two specimens that contained different
amounts of additives on their recovery behaviors were examined
and compared with that of high-purity SiC. 
2. Experimental procedure 
2.1. Materials 
Two liquid-phase sintered SiC ceramics made of an ultraﬁne
(average particle size of 30 nm) β-SiC powder (Marketech Interna-
tional Inc., USA) and prepared by the NITE process at Kyoto Univer-
sity were examined. The specimens were prepared such that they
contained the additives in two different volumes. That is, they con-
tained either 12 wt% or 18 wt% of yttria (Kojundo Chemical Indus-
tries Ltd., Japan), silica (Kojundo Chemical Industries Ltd., Japan)),
and alumina (Sumitomo Chemical Industries Ltd., Japan). These
samples are referred to as NITE-A and NITE-B, respectively. The
specimens NITE-A and B were hot-pressed in an Ar atmosphere at
2173 K and 2073 K, respectively, at an applied pressure of 20 MPa
for 1 h. The sintered bodies were then machined into bars with di-
mensions of 25 mm ×2.9 mm ×2 mm. The average grain sizes of
NITE-A and B were 260 nm and 120 nm, respectively. 
2.2. Neutron irradiation and post-irradiation annealing 
NITE-A and NITE-B were simultaneously neutron-irradiated in
the BR2 reactor of SCK ·CEN in Belgium at ﬂuences of 2.0–
2.5 ×10 24 n/m 2 (E > 0.1 MeV, 0.20–0.25 dpa). The temperature of
the specimens was kept at 333–363 K, and the duration of irra-
diation was 60 days. Before being subjected to post-irradiation an-
nealing, the irradiated specimens were cut into half; the dimen-
sions of the resulting halves were 25 mm ×1.5 mm ×2 mm. The
recovery in length after post-irradiation annealing was examined
using a precision dilatometer (DIL 402C, NETZSCH, Germany). ThePlease cite this article as: M.I. Idris et al., Defects annihilation behavi
assisted method after post-irradiation annealing, Nuclear Materials andhanges in the lengths of the irradiated specimens were mea-
ured continuously in a He atmosphere, from room temperature
o 1673 K, in a step-wise manner at intervals of 50 K. Those of the
nirradiated specimens were also measured using the same tem-
erature proﬁle for reference. The annealing procedure has been
escribed previously [8,11] . 
.3. Data analysis 
After the completion of the annealing process, the crystalline
hases of the specimens were determined by X-ray diffraction
XRD) measurements, which were performed at room tempera-
ure on a Philips PW-1700 diffractometer equipped with a graphite
onochromator and a CuK α source (40 kV, 40 mA). The mi-
rostructures of the annealed specimens were observed using scan-
ing electron microscopy (SEM, Hitachi S-3500). In addition, to
etermine the compositional proﬁles of the specimens after an-
ealing, a JEOL JXA-8500F electron probe micro analyzer (EPMA)
quipped with wavelength dispersive spectrometers was used at
5 kV/50 nA. The rate of volume shrinkage and the corresponding
ctivation energy were estimated by assuming a ﬁrst-order reac-
ion and applying the Arrhenius equation, as described previously
8] . The change in the volume of an irradiated crystalline material
s indicative of the number of point defects in the crystals, assum-
ng that there are no voids in the grains or cleavages along the
rain boundaries. 
. Results and discussion 
.1. Recovery behavior after isochronal annealing 
Fig. 1 shows the macroscopic length recoveries of the irradi-
ted NITE-A and NITE-B specimens, comparing them with those
f concurrently irradiated PureBeta-SiC and chemical vapor depo-
ition (CVD)-SiC; the latter data were obtained in a previous study
8] . The plotted data are the length changes after 6 h of holding
t each annealing temperature step. The changes are based on the
reirradiation length. It can be seen clearly that the recovery be-
an at the annealing temperature close to the irradiation temper-
ture ( ∼363 K) for all the specimens. However, with the increase
n the annealing temperature, the length recovery rates of NITE-
 and NITE-B diverged markedly, and so did those of the high-
urity SiC samples. These results suggested that NITE-A recovered
ore quickly than did NITE-B. The extent of swelling of NITE-A
as greater than those of the high-purity SiC samples. In particu-
ar, for temperatures of up to ∼973 K, its macroscopic length recov-
ry was quicker than those of the high-purity SiC specimen; how-
ver, at ∼873 K, NITE-A and the high-purity SiC samples exhibited
imilar recoveries. At temperatures higher than 873 K, the recovery
f NITE-A was similar to those of the high-purity SiC specimens.
urther, as the temperature was increased to ∼1573 K, the length of
ITE-A recovered completely to the preirradiation value. However,
or temperatures greater than 1623 K, NITE-A shrank slightly, that
s, its length was slightly smaller than the preirradiation value. On
he other hand, NITE-B did not recover fully, even though it was
nnealed till 1673 K. From 373 to ∼1173 K, the recovery behavior
f NITE-B was almost parallel to those of the high-purity SiC speci-
ens. However, after ∼1173 K, its recovery rate started to decrease.
his happened till ∼1323 K. Further, the rate of decrease of the re-
overy rate at the higher temperatures was still lower than those
f the high-purity SiC specimens. Yet, after annealing at 1673 K, its
ength was ∼0.2% greater than the preirradiation length. Accord-
ng to a previous study, monolithic Al 2 O 3 and Y 2 O 3 , which were
sed as the sintering additives in this study, and YAG (Y 3 Al 5 O 12 )
well by 0.19%, 0.26%, and 3.86%, respectively, after neutron irra-
iation similar to that performed in the current study [12] . Anor of neutron-irradiated SiC ceramics densiﬁed by liquid-phase- 
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Fig. 1. Recovery behavior of sintering-additives-containing SiC (NITE-A and B) and high-purity SiC (CVD and PureBeta-SiC) [8] . 
Fig. 2. XRD proﬁles of NITE-A and NITE-B, measured at room temperature after post-irradiation annealing at temperatures of up to 1673 K (Si was added as an internal 
standard). 
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p  nvestigation of the recovery behaviors of these materials after a
imilar step-wise heat treatment showed that Y 2 O 3 recovered al-
ost completely after annealing at temperatures of up to 1473 K.
owever, Al 2 O 3 did not do so. In fact, it swelled slightly at temper-
tures higher than 1473 K. Finally, YAG did not recover by 1673 K
ither [13] . This means that the oxide grain boundary phases or
econdary phases, which are probably crystallized during the fab-
ication process or the annealing process, are additional factors af-
ecting the recovery behavior of irradiated NITE specimens. These
hases can be identiﬁed by XRD analysis. 
.2. XRD analysis 
The recovery behaviors of the specimens could also be veri-
ed on the basis of their XRD proﬁles, as shown in Fig. 2 . Si was
sed as an internal standard. After the neutron-irradiation pro-
ess, the SiC peaks for all the NITE specimens shifted to lower an-
les, indicating lattice swelling owing to the formation of point de-Please cite this article as: M.I. Idris et al., Defects annihilation behavi
assisted method after post-irradiation annealing, Nuclear Materials andects. After post-irradiation annealing at 1673 K, the peaks returned
o approximately their original positions, that is, to the positions
n the proﬁles of the unirradiated specimens. With regard to the
rystalline secondary phases, no peaks related to any single ox-
de phases were observed for any of the unirradiated NITE speci-
ens. Park et al. [14] reported that the oxide phases vanished par-
ially because of diffusion and volatilization during the fabrication
f NITE specimens, while a large volume fraction was convert into
 glassy oxide phase. However, small YAG-related peaks were de-
ected in the case of the unirradiated NITE-A specimen. The phase
as certainly produced during the fabrication process, since it has
een reported that the crystallization temperature of YAG is ap-
roximately 1373 K [15] . However, those peaks disappeared almost
ompletely after the neutron-irradiation process, probably owing
o the amorphization of the specimen. Konishi et al. reported that
he crystallinity of monolithic YAG is reduced greatly after neu-
ron irradiation similar to that performed in this study [12] . After
ost-irradiation annealing at temperatures of up to 1673 K, a traceor of neutron-irradiated SiC ceramics densiﬁed by liquid-phase- 
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Fig. 3. Microstructural SEM images of unirradiated NITE-A: (a) pre-annealing and (b) post-annealing. 
Fig. 4. Microstructural SEM images of unirradiated NITE-B: (a) pre-annealing and (b) post-annealing. 
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Another report stated that the sintering and recrystallization of
the amorphous YAG regions can occur during a high-temperature
heat treatment at 1473 K for 50 h [16] . In the case of NITE-B, no
YAG peaks were detected in both the unirradiated and the irra-
diated specimens; this was probably because the ratio in which
the additives were used was not ideal. Marchi et al. [17] have
reported that the YAG phase in a sample with a constant ratio
of 3Y 2 O 3 :5Al 2 O 3 could be identiﬁed from the XRD pattern of the
sample bulk. Fig. 2 shows that YAG peaks were visible clearly after
the post-irradiation annealing of NITE-B, as was the case for NITE-
. This suggested that the recrystallization of the YAG phase oc-
curred during the annealing process. Therefore, the compositional
distributions of the sintering additives before and after annealing
in both specimens should be investigated, if one wishes to under-
stand the growth mechanism of the crystalline YAG phase, which
can affect the recovery behavior of NITE-SiC. 
3.3. Microstructural observations 
Microstructural observations of the unirradiated NITE-A spec-
imen by SEM showed clearly that there were a large number
of pores in the specimen and that a large area of its surface
was eroded after the annealing at 1673 K (see Fig. 3 (b)). A sim-
ilar degradation behavior has been reported in NITE-SiC, which
showed a weight loss of less than 3% after annealing at 1673 K in
vacuum. Furthermore, the eroded layer consisted partially of ox-
ide phases [18] . Fig. 4 (b) shows a homogenous distribution of a
brighter-contrast layer on the surface of the NITE-B specimen after
annealing at 1673 K. This brighter contrast indicates the presence
of heavy elements, that is, an oxide-rich phase. It was reported
that the oxide phases are mostly distributed on the specimen’s sur-
face and that the oxide-rich phases are segregated from the other
microstructures [14] . In order to explain the segregation of the ox-
ide remnants, the compositional distributions of NITE-A and B be-
fore annealing were analyzed, as shown in Figs. 5 and 6 , respec-Please cite this article as: M.I. Idris et al., Defects annihilation behavi
assisted method after post-irradiation annealing, Nuclear Materials andively, as well as those of the specimens after annealing (nonirra-
iated samples) ( Figs. 7 and 8 , respectively). It should be artifact
f the measurement system or effect of charge-up that distribu-
ion of Al and Si changed gradually left-up to right-down or up to
own. It can also be seen that, before annealing, the elements C
nd Si were homogenously dispersed while Y and Al were present
n small alternating areas in both specimens. No signiﬁcant differ-
nces were observed between the NITE-A and B specimens before
nnealing, even though they contained the sintering additives in
ifferent amounts. However, in NITE-A, Al and Y were concentrated
n areas that made up only ∼1% of the total area after the anneal-
ng. Further, these areas were deﬁcient in both C and Si, indicat-
ng the coarsening and separation of the oxide phases, as shown
n Fig. 7 . In addition, on the surface of the NITE-B specimen, the
rea in which Al and Y were concentrated covered ∼60% of the
urface after annealing, as shown in Fig. 8 . However, no signiﬁcant
egregation of the secondary phases of the kind seen in Fig. 7 was
bserved. Al and Si were present in alternating patches, but Al and
 were observed in the same areas. Both ﬁgures show the pres-
nce of a YAG phase (this was particularly the case for NITE-B), in
eeping with the post-annealing XRD analysis results. Thus, it can
e concluded that the recrystallization of the YAG phase is prob-
bly a primary reason why the NITE-B specimen did not recover
ompletely. 
.4. Recovery behavior after isothermal annealing 
In previous studies, the defect-annihilation process in neutron-
rradiated SiC has been explained by a ﬁrst-order reaction [8,11] .
ig. 9 shows the macroscopic volume recovery behaviors of NITE-
 and NITE-B during isothermal annealing for 6 h at 373 K and
373 K, respectively. The natural log of the volume change is plot-
ed against the annealing time. The curves were divided into two
arts, namely, a former and a latter part, as an alternative, because
he values of the coeﬃcient of determination, R 2 , were not suitable
hen we attempted to ﬁt the observed curves to single straightor of neutron-irradiated SiC ceramics densiﬁed by liquid-phase- 
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Fig. 5. Elemental distributions of NITE-A before annealing. 
Fig. 6. Elemental distributions of NITE-B before annealing. 
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t  ines. Therefore, we determined the boundary between the former
nd latter parts in the curve by calculating the R 2 value where
ach of them from both parts was ﬁtted mostly 0.95 and above.
he slope of the straight line corresponds to the rate coeﬃcient, k ,
or determining the activation energy. Fig. 10 shows the Arrhenius
lot obtained using the rate coeﬃcient, k , which was determined
rom the slopes of the straight lines of the annealing curves for
ach 50 K increment (see Fig. 9 ). The activation energy for volume
hrinkage, E a , can be determined using the slope of the straight
ine of this ﬁgure, from which the activation energies of NITE-A
nd B could be considered to correspond to four stages. The acti-
ation energies exhibited behaviors similar to that of the activation
nergy of recovery of high-purity SiC [8] . It can be seen that, in the
rst stage (i.e., till temperatures of up to 573 K), the lines showed aPlease cite this article as: M.I. Idris et al., Defects annihilation behavi
assisted method after post-irradiation annealing, Nuclear Materials andmall slope. Nevertheless, as the process entered the second stage
i.e., when the temperature was 623–973 K), the straight lines were
early ﬂat. Next, in stage 3, they became slightly steep, while in
he ﬁnal stage (stage 4), they became steeper with the increase in
he temperature. The activation energies for each stage are listed in
able 1 . In the ﬁrst stage, the activation energies for NITE-A and B
ere ∼0.15 and ∼0.10 eV, respectively. They follow by a stage with
ow activation energy at stage 2, and increased with an increase
n the annealing temperature. Further, these values are slightly dif-
erent from those of PureBeta-SiC, which were reported to be 0.11,
.07, 0.37, and 1.23 eV at 423–573 K, 723–1023 K, 1023–1173 K, and
273–1573 K, respectively [19] . Suzuki et al. [20,21] proposed that
he swelling and recovery behavior of SiC samples containing var-or of neutron-irradiated SiC ceramics densiﬁed by liquid-phase- 
 Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.014 
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Fig. 7. Elemental distributions of NITE-A after annealing. 
Fig. 8. Elemental distributions of NITE-B after annealing. 
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i  ious secondary elements as sintering aids and/or polytypes were
different from those of the high-purity SiC. 
In order to explain the observed recovery behaviors after post-
irradiation annealing, Weber and Gao [22,23] investigated the an-
nihilation of Frenkel defects in β-SiC using computational meth-
ods. The activation energy for the recombination of C Frenkel pairs,
which were separated by 0.47a o (a o is the lattice parameter of cu-
bic β-SiC), was found to be 0.24 eV, while that for the recombina-
tion of Si Frenkel pairs separated by a distance of 0.57a o was 0.20–
0.28 eV [23,24] . Thus, we can conclude that the defect-annihilation
processes in the NITE-SiC specimens after post-irradiation anneal-
ing at temperatures lower than ∼1223 K are similar to those in
pure SiC [8] . That is, these occur because of the recombination of
C and Si Frenkel pairs, which are located close to each other. Ac-
cording to Gao et al. [23,25] , the recombination of C Frenkel pairsPlease cite this article as: M.I. Idris et al., Defects annihilation behavi
assisted method after post-irradiation annealing, Nuclear Materials andequires an energy of 1.34 eV (1.05a o ) while the migration of C and
i interstitials requires 0.74 eV and 1.53 eV, respectively. Hence, we
an conclude that the recovery mechanism at elevated tempera-
ures (higher than 1323 K) is based on the recombination of rela-
ively separated C Frenkel pairs and the long-range migration of C
nd Si interstitials. 
By comparing the obtained results with those for high-purity
iC [8] , it was found that even though the SiC samples used in
his study contained a large amount of oxide-sintering additives,
hey exhibited an almost similar recovery mechanism after post-
rradiation annealing. Namely, this mechanism primarily involved
he recombination of closely located C and Si Frenkel pairs. There-
ore, the effects of the oxide additives on the recovery behavior
ere not so pronounced, even though the additives were present
n a large amount. However, the swelling of the NITE specimensor of neutron-irradiated SiC ceramics densiﬁed by liquid-phase- 
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Fig. 9. The relation of logarithm of volume change of NITE-A and NITE-B as a function of the isothermal annealing time at 373 and 1373 K, respectively. 
Fig. 10. The Arrhenius plot of volume recovery of NITE-A and NITE-B according to the rate coeﬃcient k value which obtained by ﬁrst order reaction. 
Table 1 
Activation energies of NITE-A and NITE-B by ﬁrst order reaction. 
Activation energy (eV) 
Specimen Temperature range (K) First order reaction 
Former part Latter part 
NITE-A 423–573 0 .14 0 .13 
723–873 0 .05 0 .09 
1073–1223 0 .13 0 .22 
1323–1573 1 .74 1 .88 
NITE-B 423–573 0 .11 0 .10 
673–973 0 .05 0 .06 
1123–1273/1073–1273 0 .12 0 .18 
1373–1523/1323–1423 0 .56 1 .34 
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 wing to neutron irradiation was slightly greater. Moreover, the re-
overy rate during annealing at temperatures of up to 1673 K de-
ended to some extent on the type of sintering additives used and
he amounts in which they were used. Please cite this article as: M.I. Idris et al., Defects annihilation behavi
assisted method after post-irradiation annealing, Nuclear Materials andonclusion 
The NITE-SiC specimens containing a total of 12 wt% or 18 wt%
f alumina, yttria, and silica as sintering additives swelled by ∼1.3%
fter neutron irradiation in the BR2 reactor; the irradiation was
erformed at ﬂuences of 2.0–2.5 ×10 24 (E > 0.1 MeV) at 333–363 K.
n analysis of their recovery behaviors following post-irradiation
nnealing at temperatures of up to 1673 K was conducted. The re-
ults obtained can be summarized as follows: 
1. The NITE-SiC specimens swelled slightly more than those of
high-purity SiC. 
2. The NITE-A specimen recovered completely at ∼1573 K; how-
ever, it started to shrink at 1673 K, owing to the volatilization
of the oxide phases. The NITE-B specimen, on the other hand,
did not recover fully, since a secondary phase (YAG) underwent
crystallization during the annealing process. 
3. The recovery of the NITE-SiC specimens was based mainly on
the recombination of C and Si Frenkel pairs, which were very
closely sited or slightly separated at temperatures lower than
1323 K as well as the recombination of slightly separated Cor of neutron-irradiated SiC ceramics densiﬁed by liquid-phase- 
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 Frenkel pairs and the migration of C and Si interstitials at tem-
peratures lower than 1573 K; these processes are essentially
similar to those responsible for the recovery of pure SiC. 
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